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SIRT1 protein levels and NAD+ do not change in the mouse liver in 
response to starvation or HFD. Mice were put under 24 hours of star-
vation (A, C, and E) or fed HFD for 4 weeks (B, D, and F). Control 
groups consisted of mice fed a normal chow diet ad libitum (n = 3). (A 
and B) Western blots were performed for liver SIRT1, CD38, NAMPT, 
and tubulin. Each lane represents 1 different mouse liver. (C and D) 
Total NAD+ was isolated and measured from liver extracts after starva-
tion (P = 0.37) and HFD (P = 0.42). (E and F) CD38 NADase activity 
was measured from liver extracts from starved (P = 0.32) and HFD-fed 
mice (P = 0.37). All experiments were performed with at least 6 mice in 
each group. Data are mean ± SD.
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DBC1 regulates NAD-dependent SIRT1 activity. (A) Isolated rat liver nuclei extracts were incubated in the absence or presence of 200 μM 
NAD+, or with NAD+ plus nicotinamide (2 mM), suramin (100 μM), or sirtinol (100 μM), and SIRT1 activity was measured. (B) Flag-SIRT1, full-
length DBC1 (myc-DBC1-FL), and DBC1 with the leucine zipper deleted (myc-DBC1-ΔLZ) were overexpressed in 293T cells. At 24 hours after 
transfection, cell lysates were obtained, and SIRT1 activity was measured. NAD-dependent SIRT1 activity was expressed as a percentage of 
control (empty vector) activity. Protein overexpression was confirmed by Western blot. *P < 0.05 versus control; **P < 0.05 versus myc-DBC1-
ΔLZ, t test. (C) MEFs derived from WT or Dbc1 KO mice were analyzed for NAD-dependent SIRT1 activity. Expression levels of SIRT1 and 
DBC1 were analyzed by Western blot. (D) DBC1 was knocked down in INS cells by siRNA transfection. SIRT1 activity was measured from cell 
lysates 72 hours after the first transfection. DBC1 knockdown was confirmed by Western blot. (E) INS cells were transfected with DBC1 siRNA, 
fixed after 72 hours, and stained for DBC1. Nuclei were stained with DAPI. Original magnification, ×600. (F) Endogenous p53 acetylation was 
analyzed by immunofluorescence after DBC1 siRNA transfection. Cells were treated with control siRNA, DBC1 siRNA, or DBC1 siRNA plus 
5 mM nicotinamide (added 16 hours before fixation). Original magnification, ×600. Data are mean ± SD (n = 3). *P < 0.05, t test.
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DBC1 controls glucose-dependent SIRT1 activity in human hepatocytes. (A) HEPG2 cells were transfected with DBC1 siRNA, DBC1 siRNA 
plus control siRNA, and DBC1 siRNA plus SIRT1 siRNA. NAD-dependent SIRT1 activity was measured, and expressed as a percentage of 
control (nonspecific siRNA). The efficiency of transfection was confirmed by Western blot. (B) HEPG2 cells were transfected with DBC1 siRNA 
and DBC1; 5 mM nicotinamide was added 16 hours before fixation. Endogenous p53 acetylation levels were studied by immunofluorescence. 
Original magnification, ×600. (C) HEPG2 cells were cultured in serum-free media for 24 hours and then incubated for 24 hours in low (5 mM) or 
high (30 mM) glucose. SIRT1 activity was expressed in AFUs. n = 3. *P < 0.05, t test. (D) SIRT1 activity in HEPG2 cells transfected with DBC1 
siRNA and then treated with high and low glucose as described in C. SIRT1 activity measured with DBC1 siRNA was normalized to the respec-
tive controls (nonspecific siRNA transfection) with high and low glucose. Data are shown as percent increase in SIRT1 activity over the respec-
tive controls (with high or low glucose, set as 100%). The fluorescence values in the control siRNA condition corresponded to 73 and 154 AFUs 
for cells in high and low glucose, respectively. Shown is 1 representative experiment of 3. The siRNA transfection efficiency was confirmed by 
Western blot. Except where indicated, data are mean ± SD.
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SIRT1 and DBC1 interact in mouse 
tissue, and Dbc1 KO mice show 
increased endogenous SIRT1 
activity in vivo. (A) Western blots 
showing the expression of SIRT1 
and DBC1 in different mouse tis-
sues. (B) Isolated mouse liver 
nuclei immunofluorescence for 
SIRT1 and DBC1, showing that 
both proteins colocalized inside 
the nucleus. Original magnification, 
×400. (C) Coimmunoprecipitation 
of SIRT1 and DBC1 from isolated 
nuclear extracts from liver. Shown 
is DBC1-SIRT1 coimmunoprecipi-
tation using SIRT1 (left) and DBC1 
(right) antibodies. Normal rabbit 
IgG was used as control for the 
immunoprecipitation. (D) Endog-
enous NAD-dependent SIRT1 
activity was measured in isolated 
nuclear extracts from the livers of 
WT and Dbc1 KO mice. SIRT1 
activity is expressed as a percent-
age of WT activity. Western blots 
of SIRT1 and DBC1 from these 
nuclear fractions served as control 
for protein levels. (E) Endogenous 
p53 acetylation was analyzed in 
isolated liver nuclei. Total p53 anti-
body was used as control. Original 
magnification, ×400. (F) Endog-
enous NAD-dependent SIRT1 
activity was measured in nuclear 
extracts from brain, pancreas, and 
spleen of WT and Dbc1 KO mice. 
SIRT1 activity is expressed as a 
percentage of WT activity. Data 
are mean ± SD. *P < 0.05, t test.
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SIRT1 activity and DBC1-SIRT1 interaction correlate 
under different metabolic conditions in the liver. (A–F) 
Mice were starved for 24 hours (A, C, and E) or placed on 
a HFD for 4 weeks (B, D, and F). Control mice were fed a 
normal chow diet. (A and B) Western blot analysis showed 
that SIRT1 and DBC1 protein levels did not change in the 
liver after starvation or HFD. Each lane represents a dif-
ferent mouse liver. (C and D) SIRT1 activity was mea-
sured from liver nuclear extracts. Data were normalized to 
the activity measured in the normal chow diet (n = 6). (E 
and F) Coimmunoprecipitation from liver nuclear extracts 
using DBC1 antibody. Normal rabbit IgG was used as 
control for the immunoprecipitation (n = 3). DBC1 and 
SIRT1 band intensities were calculated by densitometry 
as described in Methods. The ratio between SIRT1 and 
DBC1 values was used to calculate changes in interac-
tion. (G) WT and Dbc1 KO mice were put on starvation for 
24 hours, and liver SIRT1 activity was measured from 
nuclear extracts. Shown is 1 representative experiment of 3. 
SIRT1 activity in WT and Dbc1 KO mice after starvation 
was also normalized to that of the respective fed states, 
shown at right as percent increase over control (set as 
100%). Data are mean ± SD. *P < 0.05, t test.
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DBC1 controls oleate/palmitate-induced cellular lipid accumulation 


























Biochemical and physiological parameters of WT and Dbc1 KO mice fed normal 
chow diet and HFD
Parameter	 Normal	chow	diet	 HFD
	 WT	 KO	 WT	 KO
Fasted insulin (ng/ml) ND ND 0.25 ± 0.05 0.24 ± 0.03
Fed glucose (mg/dl) 200 ± 28 193 ± 58 148 ± 36 182 ± 72
Fasted glucose (mg/dl) 87 ± 8 100 ± 17 96 ± 12 88 ± 10
Food intake (g/d) 2.31 ± 0.26 2.40 ± 0.32 2.37 ± 0.34 2.20 ± 0.35
Fecal output (g/d) 0.31 ± 0.14 0.34 ± 0.12 0.35 ± 0.20 0.34 ± 0.16
Weight at end of study (g) 22.4 ± 4.1 23.2 ± 3.8 34.2 ± 7.2 42.2 ± 16.0
Body fat at end of study (%) 3.4 ± 1.0 4.0 ± 0.9 13.0 ± 5.0 22.0 ± 13.4
All measurements were repeated at least 3–4 times. The end of the study was after 20 
weeks of HFD. Fasted animals were not fed for 24 hours. Values are mean ± SEM.  
ND, not determined.
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Dbc1 KO mice are protected against 
HFD-induced liver steatosis. (A and 
B) WT and Dbc1 KO mice were fed 
normal chow (A) or put on HFD for 
20 weeks (B). Liver sections were 
stained with H&E (top) or Oil Red O– 
hematoxylin (bottom). Original mag-
nification, ×200. (C) Lipid content 
from liver homogenates of mice 
fed normal chow diet (ND) or HFD. 
*P < 0.05, **P < 0.05, ANOVA. (D 
and E) ALT (D) and AST (E) activities 
were measured in plasma from mice 
fed normal chow or HFD. *P < 0.05, 
ANOVA. Dbc1 KO mice showed no 
significant increase in the activity 
of either protein compared with the 
groups fed normal chow. (F) SIRT1 
activity in liver nuclear extracts 
from mice fed normal chow or HFD. 
Statistically significant differences 
(P < 0.05, ANOVA) are shown by 
brackets. RFU, relative fluorescence 
units. (G) Western blots for SIRT1 
from WT and Dbc1 KO mouse liv-
ers in mice fed normal chow or 
HFD for 20 weeks. Each lane rep-
resents a different mouse liver. (H) 
Western blots for phosphorylated 
ACC (Ser80), ACC, phosphorylated 
AMPK (Thr172), and AMPK from 
WT and Dbc1 KO mice livers after 
20 weeks of HFD. Each lane repre-
sents a different mouse liver. Data 
are mean ± SD.
Downloaded from http://www.jci.org on February  3, 2016.   http://dx.doi.org/10.1172/JCI39319
research article




























































































Dbc1 KO mice and cells are protected against inflammation. (A–C) 
Semiquantitative RT-PCR from mouse livers after 20 weeks of HFD 
for IL-6 (A), TNF-α (B), and MnSOD (C) mRNA. Total levels were nor-
malized to 18s rRNA expression levels. (D) WT and Dbc1 KO–derived 
MEFs were treated with different doses of TNF-α for 6 hours. NF-κB 
activation (p65) was measured from nuclear cell extracts. *P < 0.05, 
t test. Data are mean ± SD.
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DBC1 controls oleate/palmitate-induced cellular steatosis through a SIRT1-dependent mechanism. (A) Lipid accumulation levels in primary 
hepatocytes isolated from WT and Dbc1 KO mice. An average of 3 different experiments is shown. *P < 0.05, **P < 0.1 versus control, t test. (B) 
Lipid accumulation in MEFs derived from WT and Dbc1 KO mice. Shown is 1 representative experiment of 4. (C) Lipid accumulation in HEPG2 cells. 
*P < 0.05, **P < 0.1, t test. n = 3. (D) Lipid accumulation in HEPG2 cells. Cells were transfected with control or DBC1 siRNA and then incubated with 
oleate/palmitate. SIRT1 activity was measured; values were normalized to those from control siRNA transfection. Protein levels were evaluated by 
Western blot. *P < 0.05, t test. n = 3. (E) Lipid accumulation in HEPG2 cells. Cells were transfected with control, SIRT1, and DBC1 siRNAs and then 
incubated with oleate/palmitate. *P < 0.05, **P < 0.1 versus control siRNA, t test. n = 4. (F and G) Effect of DBC1 overexpression on lipid accumula-
tion in HEPG2 (F) and 293T (G) cells. Cells were transfected with empty vector or myc-DBC1 for 48 hours. During the last 16 hours of transfection, 
cells were incubated with different concentrations of oleate/palmitate (2:1 ratio). *P < 0.05, t test. n = 3. Data are mean ± SD.
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Working model for the regulation of DBC1-SIRT1 interactions under 
different metabolic conditions.
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4°C under  constant  rotation. Nonspecific  IgG  (Santa Cruz Biotech-
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